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Broken symmetries and dilepton production from gluon fusion in a quark gluon plasma

A. Majumder! A. Bourque? and C. Galé
INuclear Science Division, Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, California 94720, USA
%Physics Department, McGill University, 3600 University Street, Montreal, Quebec, Canada H3A 2T8
(Received 25 November 2003; published 8 June 2004

The observational consequences of certain broken symmetries in a thermalized quark gluon plasma are
elucidated. The signature under study is the spectrum of dileptons radiating from the plasma, through gluon
fusion. Being a pure medium effect, this channel is nonvanishing only in plasmas with explicitly broken charge
conjugation invariance. The emission rates are also sensitive to rotational invariance through the constraints
imposed by Yang's theorem. This theorem is interpreted in the medium via the destructive interference between
various multiple scattering diagrams obtained in the spectator picture. Rates from the fusion process are
presented in comparison with those from the Born term.
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[. INTRODUCTION plasma as indicated. Finally, the rates from each space time
£ . d he Relativistic H cell have to be integrated over the entire space time evolu-
xperiments are now underway at the Relativistic Heavijj,, of the plasma; where, the spatial limits of the expanding
lon Collider (RHIC) at Brookhaven National Laboratory to lasma are represented by the variables(t), x.(t)

study nuclear collisions at very high energies. The aim is t (
g . : _(t), y.(b), (1), andz.(t).
create energy densities high enough for the production of I\Zla?w/;/(caICL(llations of( the dilepton radiation in the decon-

state of essentially deconfined quarks and gluons: The quarﬁ(ned sector have concentrated on the Borm tggw e'e” to
gluon plasmdaQGP. The QGP is rather short lived and soon estimate the differential ra@'Ry./d*q [1,2]. In those, the

hadronizes into a plethora of mesons and baryons. Hence, tl?gcus has usually been more on the effect of the space time
existence of such a state in the history of a given collision y P

evolution of the plasma on the final spectrum. Higher order

must likely be surmised through a variety of indirect probes. :
One of the most promising signatures has been that of threates have also become recently availgBleAll these rates

electromagnetic probes: the spectrum of lepton pairs and regf;?zn;?ltlg ICI’]%TL?(;S(: r%fe\é?gr%ugfsgﬁscg??r?c?om?r: hri\(/—:ijiz?r?n gfn'
photons emanating from a given collision. These particles 9 P

. . : ficles, along with Pauli blockingBose enhancemenfor
once produced, interact only electromagnetically with the utgoing fermions(bosons. They also include thermally

plasma. As a result they escape the plasma with almost n : X )
further rescattering and convey information from all time generated widths and masses for the propagating particles.
sectors of the collision However, these rates have nonzero vacuum counterparts.

in i aricle, e focus wil b on th spectum of g COTIYY [0 105 ore Vemre medumeactons Lo pro
tons radiating from a heavy-ion collision. The primary moti- P Y j

vation for measuring such a spectrum is the hope that thRrocesses arise as a result of the medium breaking various

. > . - . Symmetries which are manifest in the vacu{4h The mo-
formation of a QGP in the history of a collision will produce 7 . : ; ; e
L N . . tivation behind exploring such processes is the possibility of
a qualitative or quantitative difference in the observed rates. . . L
Observing a spectrurtemanating from thegewhich is no-

The measured quantity is the number of dileptons, usually. e .
binned according to their invariant mass. It is assumed tha ceably distinct experimentally from the case where a QGP

. . : : ) was not produced in a collision, or the symmetry remained
this may be estimated by the following factorized form: unbroken by the plasma. Such a channel will be explored in

this article.
. t ® ® [y« . . .
ANere = ffdtfq fzp fy d3xf dSqM It is now well established that the central region at RHIC
dm o Jx® Yz Jy© q° is not just heated vacuum, but actually displays a finite
" baryon density5] or an asymmetry between baryon and an-
% ige_(qo,ﬁ,T(t,)?),,u(t,)?)), (1) tiba_ryon populations. This asymmetry may be ach_ieved by
d*q the introduction of a quartor baryor) chemical potentialk,.

For example, it may be argued that any baryon number
where, d*Rg+e-/d*q is the number of lepton pairs produced asymmetry prevalent in the QGP must have been introduced
per unit space time, per unit four-momentum, from the unitby valence quarks, which, having encountered a hard scatter-
cell at (X,t) in a plasma in local equilibriunglocal equilib-  ing, failed to exit the central region. Hence, a chemical po-
rium is assumed heyeOstensibly, this depends on the four- tential x is provided for the up and the down quark. The
momentum of the virtual photof?, G), the temperatur€T), strange quarks are brought in by the sea or produced ther-
and the relevant chemical potential). The temperature and mally in the medium in equal proportion with antistrange
relevant chemical potential are, in general, local propertieguarks. Hence, they are assignee0. In most heavy-ion
for an expanding plasma and vary from point to point in thecollisions, the nuclei of choice are rather large and display
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In the language of operators, it may be noted that these
diagrams are encountered in the perturbative evaluation of
Green'’s functions with an odd number of gauge field opera-
tors, i.e.,

et <0|AM1AM2 i A,LG+1|0>-

In QED, CAMC‘lz—AM, whereC is the charge conjugation
operator. In the case of the vacuu@|p)=|0). As a result,

<0|AM1AM2 . AM2n+1|O>
FIG. 1. Diagrams that are zero by Furry’s theorem and exten- _ 1 1 -1
sions thereof at finite temperature. These become nonzero at finite =(0C CAMC CA;Lz " 'A:U«2n+1C clo)
charge density. — <0|AM1AM2 _ "AM2n+1|0>(_ 1)2n+1
isospin asymmetry, i.e., there is an asymmetry in the popu- =—(0lA A, - A, [0)=0. (2

lations of neutrons and protons being brought into the centrg| ilibrated medi tat i t onl
region. If the stranded valence quarks in the plasma arrivzaW an equiiibrated medium at a temperaturewe not only
ave the expectation of the operator on the ground state but

with equal probability from either nucleon, one would re- : .
quire a higheru for down quarks. As a first approximation, on all possible matter states weighted by a Boltzmann factor,

this effect is ignored, and in the remaining,=puq4 is ac- €.
cepted. ~B(Eq~1Qp)
In such a scenario a finite baryon density may lead to a % <n|A“1A"2"'A“2n+l|n>e '
finite charge density. This is discussed briefly in Sec. II. It
has been proposed that the presence of a finite charge densipere S=1/T and u is a chemical potential. HereC|n)
will lead to a new channel for the production of lepton pairs=€“|-n), where|-n) is a state in the ensemble with the same
[6]. Diagrammatically, this is achieved through a two-gluon-number of antiparticles as there are particlegninand vice
photon vertex with a quark triangleee Fig. 2 The vacuum Vversa. If4=0, one obtains

counterpart of this process is constrained by Furry’s theorem A, A A, |nyefEn
[7] and is identically zero. The extension of this symmetry L A S
and its breaking by the medium was discussed8h for =—(- n|Au1Au2--- AM2n+1|_n>e_ﬁE"' (3)

completeness a discussion is included in Sec. Il. Calculations
will be carried out in the imaginary time formalisf@], how-  The sum over all states will contain the mirror term
ever, our method of treating finite density will differ slightly (-n[A, A,,...A,, _[-n)e”, with the same thermal weight
from the standard method. This is outlined in Sec. IIl. Our

formalism leads naturally to the spectator interpretafits] 02 (ALAL, A, Imer5=0, 4)

of the quark loop, also discussed in Sec. Ill. In vacuum, n

gluon fusion is also constrained by Yang's theoridi. This  the expectation over states which are excitations of the
constraint, based on rotational invariance, also sets thgacuum,|0) will again be zero as in Eq2), and Furry’s
vacuum counterpart to zero. The extension and eventuaheorem still holds. However, jf # 0,

breaking of this symmetry in the medium are discussed in

Sec. IV. Yang's theorem is broken by two different medium (NALAL - A, e PEsQ

effects; each is isolated and the dilepton rate from it is evalu-

=—(- - ~B(En—1Qp)
ated in Secs. V and VI. Concluding discussions are presented AL AL, - A, - me PR, (5)
in Sec. VII. A brief appendix of intermediate derivations fol- o mirror term this time is
low.

- - —B(En+1Qp)

(—nlA AL, - Ay, - mePETH),

II. BARYON DENSITY, CHARGE DENSITY,

with a different thermal weight, thus
AND FURRY'S THEOREM

At zero temperature, and at finite temperature with zero 2AnALA, A, IWePETHO) 2 0. (6)
charge density, diagrams in QED that contain a fermion loop "

with an odd number of photon verticgs.g., Fig. 3 are  This represents the breaking of Furry’s theorem by a medium
canceled by an equal and opposite contribution coming fromwvith nonzero charge density or chemical potential.

the same diagram with fermion lines running in the opposite Some points are in order: there is more than one kind of
direction. This is the basic content of Furry’s theor¢d  density that may manifest itself in the plasma. There is the
(see alsd12,13). This statement can also be generalized tonet baryon density which requires that there be a difference
QCD for processes with two gluons and an odd number ofn the populations of quarks and antiquarks of a given flavor.
photon vertices. The theorem is based solely on charge coffhere is the net charge density which simply requires that
jugation invariance of the theory. there be more of one kin¢either positive or negatiyeof
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TABLE |. Different scenarios of plasmas with different baryon and charge densities.

No. of No. of No. of No. of No. of No. of Baryon Charge
u's u's ds ds Ss's Ss density density
n n n n n n 0 0
n n 0 0 0 0 0 0
n m 0 0 0 0 (n-m)/3 2(n-m)/3
0 0 n m 0 0 (n-m)/3 (m-n)/3
n m n m 0 0 Zn-m)/3 (n-m)/3
n m n m n m (n—m) 0
n m m n 0 0 0 (n—m)

charge carrier in the medium. Note that it is possible to havéoop photon self-energy. The imaginary photon frequency is
a net baryon density and yet no charge density, and vicéhen analytically continued to real values. On the real axis
versa, as Table | indicates. As mentioned in Sec. I, it will beone encounters various branch cuts: we pick the cut that
assumed that there is a net baryon density, which manifestorresponds to the process of two-gluon fusion and evaluate
itself solely in the up and down flavors of the quarks. As thethe imaginary part of the photon self-energy. This is a rather
up quark has a charge of33+and the down quark% equal technical procedure. However, a method has been proposed
densities of both will lead to a QGP with a net electric chargewhich allows one to construct the imaginary part of the pho-
density. It will be demonstrated in the following sections thatton self-energy in terms of multiple scattering diagrgi.
it is this density that leads to a dilepton signature of theThis technique has been loosely termed as the “spectator
breaking of Furry’s theorem at leading order in the electro4interpretation” of self-energies. A detailed investigation of
magnetic (EM) coupling constant. The baryon density this procedure has been carried out for two loop self-energies
merely serves the purpose of generating such a charge dein- ¢* theory [16] as well as in QCD[17]. In the following
sity. Hence, this signal is not present, at leading order, in &ubsections the spectator interpretation will be extended to
plasma with gu,=uq=us, Where the net charge is zefb4].  three loops. This represents a significant application of the
In the previous paragraph, pure QED diagrams have beespectator interpretation, and this permits a physical explana-
discussed. One may now make the most simple extension tipn of the extension and breaking of Yang's theorem in the
QCD, by replacing two of the photons with incoming gluons. medium.
It is to be noted that while the photon is an eigenstate of the
charge conjugation operat@ the gluon is nof15]. There
are eight gluons, each carrying a color charge in the adjoint  A. The two-gluon-photon vertex atu#0 and p#0
representation of S@3). The sole role played by colorin this | the following, we will outline the formal derivation of
calculation will be to furnish the factor of tft°] in the e two-gluon-photon vertex. Details of the method are pre-
Feynman rules. The calculations are identical to those igented in the appendix. The Feynman diagrams for the two-
QED. The reasons for considering this sort of diagram ovegjyon-photon vertex as illustrated in Fig. 2, consists of two
Othel‘s are 0bV|0US: thIS IS the |0W€St Order effeCt n the Sesets of quark triang'e diagrams W|th the fermion number run-

ries; loops with more particles attached will invariably be ning in opposite directions. The two vertices are
suppressed by coupling constants and phase space argu-

ments. Also, diagrams with more than two gluons are non- ~1( d%q i(d +m)

zero in the vacuum itself and finite density effects may then THP = — 32 Tr[ieﬁkiyf‘z—mzigtﬁ b

be a mere excess on top of an already nonzero contribution. BJ 2m)>y a -

Our exploratory calculation mainly seeks to highlight the i(d-K+m) i(¢-p+m) }

behavior of a new channel. X ————igth Y —————— |, (7)
(@-2-m? O (g -p)z =

Cases with all values of the three-momentgof the
photon from zerqmaximum timelikg up to almost the en-
ergy E of the photon(almost lightlike will be considered. -
We will consider cases where the gluons will be both mas-
sive and massless. The quarks will be massive in all cases.

q-k
I1l. FORMAL CALCULATION p-k q-p
In this section, the computation of the dilepton production — P
rate from the two-gluon channel is outlined. The first step is

the evaluation of the two-gluon-photon vertex in the imagi- FIG. 2. The two-gluon-photon effective vertex as the sum of
nary time formalism. This is then used to construct a threetwo diagrams with quark number running in opposite directions.
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o -1( d ng Tr{ieé‘iky" i(q [b2 m) 'gtﬁjy" g=i@2n+)aT+u, p’'=i2maT, K =i2jaT.
B J (2m)> 3 (@+p)?-n¥ n, m, andj are integersu is the quark chemical potential,
. : and thet’s are Gell-Mann matrices. The overall minus sign is
(@ +K+m ig b.yv'(q * m)] (8)  due to the fermion loop. The sum overuns over all inte-
(@+k)?=-nm? =1 g2 |’ gers from =c to +. This sum may be performed by two

distinct methods: the method of contour integratj&h and

the method of noncovariant propagatpt8]. Each method is

more advantageous in certain cases. In this article, we use the

method of contour integration to evaluate E¢#). and (8)

L .. .. (for an evaluation of similar diagrams using noncovariant

where the '_[race is |mplled over both CQ|OI’ and spin '”d'cespropagators see Ref6]). For later convenience, we will
As always in the imaginary time formalism, the zeroth com-separate the momentum-dependent and mass-dependent parts
ponents of each four-momentum is a discrete even or oddf the numerators of botf** and 7#**. This is merely a

frequency: formal procedure and faf*** consists of the following:

TUVP = BWVBMTl + Aﬁlwp
aBy

e [ dq
=26 ) amp2 ™

[ Bravbeyq, (g - SECEION Arareq + AREP(q - k) g+ A#PY(q - p),, ©
(

2~ mPla-kZ-mPlg-pP-nf] " (P~ mP(a- k2=l -pP-m?] |

Where A#**7 represents the trace of four matrices and tion. One obtains two infinite closed semicircular contours
BrevFrY represents the trace of sixmatrices. The denomi- (see the Appendix for detajlsThe sole difference from the
nators of both7Zy,z, and A" are the same and hence have zero density situation is that one of the contours will be

the same set of poles. _ multiply connected: in the case @' this consists of the
. tThet_sum ovemn r.nz?_y .t)e fotrrr}ally {ewrltten ﬁs a PolntOl.ltL exclusion of the points at®=i(2n+1)#T+u by an infinite
integration over an infinite set of contours each encircling the e M o
points 0=i(2n+1) 7T+ . The difference between this situ- Set of infinitesimal contours, while in the case Bf*”, the

. 0_. _ .
ation and that at zero density.=0) is that the contours are points a.tq _'(2.n+1)1.TT K arg excludeo_l. Performmg. the
on a line displaced by from they axis. In the usual proce- contour integration will essentially result in the evaluation of

dure (see Sec. 3.6 of Ref9]), one separates the vacuum the residues of the.funct_io.ns in Ecﬁ:) and(8) at itg various
piece, a thermal particle and antiparticle piece, and a purgoles with appropriate finite density thermal weights. Com-
density contribution. However, it is possible to deform thePining the results obtained from the application of this pro-
contours in a way entirely similar to the zero density situa-cedure orZ**” and7##* one obtains

. [ d% 1 1 1 1
THvP = (277)3; [H(wi)( P 41 P 4 1) +0(- wi)< PP 41 Py 1)}

L 8 { Birq*(q- kA (q-p)” 4 ayp¥ A= P =K+ g -k+p)"+ g +k=p)*
2p L (@*=m?)[(g-k)*-m?][(q - p)* - n¥] (@®=nP)[(q - k)*-m?][(q - p)* - n?] =0,
(10

where thew;’s (with i running from 1 to § are the residues of evaluated at the various poles of the integrand. A close in-
the function within the large square brackets. We find, aspection of Eq(10) indicates that there are three poles on the
would have been expected, that the entire contribution ipositivex axis at

proportional to the difference of the quark and antiquark dis-

tribution functions. We denote these adn(q®,u)

=1/(ef@W+1)-1/(e®™®+1). The residues will be q°= g2+ M =E,, (11
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= /Iﬁ— I2|2+ M2+ KO = Eqct K, (12) sidered. We perform this procedure in the next section.
q°= V|G- ﬁ|2 +mP+pl= Eqpt p°, (13 B. The photon self-energy and its imaginary part
and three on the negativeaxis, We are now in a position to calculate the contribution
—_— made by the diagram of Fig. 2 to the dilepton spectrum ema-
q Vg~ + q nating from a quark gluon plasma. To achieve this, we
choose to calculate the discontinuity of the photon self-
°=- /|ﬁ‘ |2|2 +MR+KO= — Eqi+ KO, (15) energy as represented by the diagram of Fig. 3 across the real

axis of p®. In the previous section we presented expressions
0 e 0 for T#*P(p,k,p—Kk): the vertex with the two-gluon momenta
=-lG-pP+mP+p°=- Eqptp. (16) incoming and the photon momentum outgoing. To derive the

We denote the residue at each of these poles as residu gpression for the full self-energy we also need expressions

(1)«6). Before evaluating the function at each of these resi{of 1**(~P,~Kk,k=p): the vertex with the photon momen-
dues, we consider the fate of the remaining imaginary frefUm incoming and the gluon momenta outgoing. This vertex

quencies in the expressiohd, p°. The even frequenck’ also admits a decomposition into two pieces for quark num-
also has to be summed in a similar fashiorg@sThe exter-  P€r running in opposite directions,

nal photon frequency® will have to bel analytically conti_n— _ Tev0(= p,— kK = p) = T/ 7P + T'H07, 17)

ued to a general complex value and finally the discontinuity

of the full self-energy across the real axis@fwill be con-  where the factofl’#*? can be written as

TP = BMVBpw];'o B + Ai’”p

_egd [ [ B RLAY Pl AT A AP |
28 J o)< L(@®-mI(g+k)?-m?[(g+p)? -]  (g®-m)[(q+k)?-nm?][(q +p)? - n?]
[
The traces of four and siy matrices admit the following ] i d3k
identities: if#(p) = — >, f ST (= p,—kk-p)
B 10 (277)
AM’YVP = _APV‘Y:“ = A#PVV, (19) Xng(k)lT”g‘s(p, k, p _ k)D(g,y(p _ k)
i d®k
AMVBP:APBVM: Aupﬁv, (20) - I_ f iT#Y(p,k,p—k
BEO 2 (p.k,p=K)
ARVPE = ASPVE = ARCPY (21) xng(k)iTVf‘s(p, Kp—KDs(p-K). (24

The diagram that we are considering is that of Fig. 3. In the
above equatiorD (k) is the gluon propagator. We perform
pe calculation in the Feynman gauge for the gluons:

BryvBea = papBvyp = preppry (22)

In each equation above, the first equality uses the fact th&i
the trace ofn y matrices in a particular order is the same if ~ig
the order is fully reversed. The second equality uses the cy- D, k) = —zé (25)
clic properties of the trace to pyt* at the start in each case. K
Substituting the above identities in Eq4.7) and (18), we

. In order to calculate the differential rate of dilepton produc-
may easily demonstrate that

tion we need to evaluate the discontinuity of the photon self-

PPl L b — ) — TP _ energy. This involves, first, converting the sum over discrete

TP kk=p) =T(p.kp = k). 23 k° frequencies into a contour integral over a complex con-
Implementing the above simplifications we may, formally, tinuousk®, as was done fogC. This would be followed by

write down the full expression for the three-loop photon self-the evaluation of the contour integral by summing over the

energy in the imaginary time formalism @sote, there are residues of the integrand at each of the pole& fFinally

many other photon self-energy diagrams at three loops, howwe look for poles and branch cuts in this expression as a
ever we only consider the contribution which arises due tdunction of p° by analytically continuingp® onto the real
the breaking ofC invariance axis. There are many poles kA for which we have to evalu-
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the upper panel of the figure. This is the process of gluon-
gluon fusion to produce a heavy photon resulting in a dilep-
ton. The other cuts represent extra finite density contribu-
tions to processes already nonvanishing at zero density.

The above discussion indicates that we merely have to
look for poles in the denominators of the gluon propagators.
Isolating this piece from Eq24), we note the denominators
of the two sets of gluon propagators is

\u 11 1 1
K2(p=K)? (K=K +K) (p° =K~ Ep)(p° - K+ Ep)’
(26)

where E,_,=|p-K. The k® integration will encounter four
possible poles at’=+k, andk’=p°+E, . Each choice will
lead to a different process @8 is analytically continued to
the real axis. All choices will not lead to the desired process.
We now investigate each of these possibilities in turn.

We begin by evaluating the residue of the remaining inte-

FIG. 3. The full photon self-energy at three loops and the cutgrand at the pole&k®=k. At this pole the remaining three
that is evaluated. denominators are

ate residues. Some of these poles are in the denominators of 1 1 1

the gluon propagators, while some are in the vertite¥ 0L 0 _ K+ :

and T'#*?. As the residues at each of these poles is analyti- 2kp =k Bpyp K+ By

cally continued inp® from a discrete imaginary frequency to . Lo , : .

a complex number and finally to a real continuous energy,On analyﬂca]ly conémumgp We.W'" qbtgm two locations

various branch cuts will appear. This procedure of evaluatior?nEEhke+ IrEeaI Imea ng_ kwkéere zj|1_r(]1||scont|n3|ty rlnay_lclJCicugO

of residues and analytic continuation may also be performed ~— h p-k aNA P =K~ gé'g_ ze s(,)ec_on pole W||_kea hto

prior to thed3k or d3q integrations: at this stage the branch !¢ Photon invariant ma p*=0, I.e., a spacelike pho-
ton, we ignore this cut. Substituting the first value 8y we

cuts on the reap® axis appear as poles in thk or d°q . : > :
integrations ap°— E+ie. The presence of thie will allow obtain the dISCOﬂtIﬂUItyIOf the self-energyitk+E, . This
dprns the gluon denominators into

each integrand to be unambiguously broken up into a set

principle values and imaginary parts. Combining these will

lead to various real and imaginary parts of the full self- . 1 1
: . : —-imSE-K-Ey )0 ——.

energy and will correspond to various physical processes of P 2k 2E,

photon propagation and decay in the medium. Twice the in-

tegral over the imaginary parts will give us the required dis-gyq|yating the residue &=-k, we obtain the remaining

continuity. , o _ ~ denominators as
To obtain the discontinuity we essentially choose a pair of

poles in the expression; evaluate the residue oft#fente- 1 1 1
gration at the first pole and twice the imaginary part of the - )

d3k, d%q integration asp®— E+ie at the second pole. Each = 2k=p° k= Epy— P’ - k+Epy

such combination constitutes a “cut” of the self-energy or a

part of a cut of the self-energy. The cut line essentially passebhis leads to two possible locations on the real linepdf
through a set of propagators in the self-energy, dividing itwhere a discontinuity may occurk—E,, andE, —k. The

into two disjointed piecegsee, for example, Fig.)3The first choice leads to a negative energy photon and the second
propagators that have been cut are indicated by the enerdg a photon with a spacelike invariant mass, thus we ignore
momentum delta functions obtained from the residue andhis k° pole altogether.

discontinuity procedure. If we denote the Feynman rule for Evaluating the residue dt°=p°+Ep_k and analytically

one of the disjointed pieces a%t; and the other byM,, continuingp®, we once again obtain a negative energy pho-
then this particular discontinuity of the self-energy gives theton and a spacelike photon and thus this residue is ignored as
Feynman rule fotM,M; or M3 M,. If the cut is symmet-  well. The final residue is at®=p°~E, . This leads to pos-

ric, i.e., M;=M,, then we obtain the square of the ampli- sible discontinuities ap°=E=k+E,, andE, ,—k. The sec-
tude for the process\14|2. For this calculation we are solely ond possibility leads to a spacelike photon and is ignored.
interested in the square of the amplitude of the proces$he first gives a timelike photon with positive energy and
shown in the lower panel of Fig. 3. Our preceding discussiorthus is included in the cuts considered. With this choice we
indicates that this will be given by the cut line indicated in obtain the gluon denominators as
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persion relation in the hot QCD mediufsee Ref[19]). In a
+ later section we will employ a simplified version of the in-
Pk Lk ?71:,( medium gluon dispersion relations: the gluons will be as-
cribed a thermal mass. The above derivation of the photon
k self-energy and the pole analysis are still valid, provided we
use a massive vector propagator such as

T1 P T4 51’ One may also expect the gluons to acquire a thermal dis-
+ q

kPk?
90~ >

DAk =-i—, 27
o(K) 'k2—m; (27)

T6 and we substitute in the vertex expressions every occurrence
of the massless gluon energyby its massive equivalent
p-k = \s"k2+m§, wherem, is the thermal gluon mass.

C. The spectator interpretation
FIG. 4. Multiple scattering expansion of the quark loop. Each

diagram corresponds to a residue of dfeintegration. In this section we evaluate the particular cut of Fig. 3 of

the three-loop photon self-energy. Focusing on the two poles
of k? highlighted in the preceding subsection and performing
1 1 the associated analytic continuationp3f we obtain the dis-

2k - 2Ep_k' continuity in the photon self-energy as

~imd(E-K=-Ep)

3

d*k g sy
THY(E, K, Epoi) X TE, K, E,-
7T)3 ( p k) 2k ( p k) 2Ep—k

Thus, in performing the sum over the Matsubara frequencies v
k% we will only confine ourselves to two poles: one on the Dis -
positive side of the real axis &=k, one on the negative

side atkO:pO—Ep_k. For both poles, we analytically continue 1 1 AN o L

p® to E=k+E,_, leading to o PR (= Dl- 27 JE -k - Ep)]

KR=p°-E,  =E-E, =k+E,-E, =k o’k Dotuts 95y
=p p-k = p-k = p-k ~ Ep-k =K. - (277)3TMM(E’k’ Epi) oK T(E, kK, Ep_k)2E 5
Thus, in the rest of the expression we will simply replace 1 1 P
k°—k and use the appropriate distribution functions in each X [— + T} (= D[- 27 8(E-k=Ep)].
case depending on whether the initkfl pole was on the 2 -1
positive or negative side. Then, we will use the delta function (29

to set the value ok. The results of this procedure as well as
the final expressions and their properties will be discussed i€ombining the gluon distribution functions and using the
the next subsection. relationE,+k=E, we obtain

T1 T4 . * T1 T4
q)%“ +qf}f + Q/%f + nyi;
12 IS5 T2 T5
q tq + +Q +

FIG. 5. Multiple scattering expansion of the lower diagram in Fig. 3. Each diagram corresponds to a residug® afitémgration.
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3
o= | X
(2m)

3TW(E,k,Ep_k)%;—fTVﬁ(E,k,E I()&L r=;§j)2f(2 )32kf 2 )32 (M T M ]

p—k
X (%% = Dn(K)N(Ep-[27i S(E ~ k= Ep)]. X (€5 = Dn(kIn(Ep[(2m)* e (p -k -w)], (33

(29 where M ;, is the thermal matrix element for two quons in

To obtain the differential rate for dilepton production we Polarization states, j to make a transition into a photon in a

need the quantity=[p,p,/p?—g,,]Disd —iT1*"]. We substi- polarization statd. The entire process is weighted by the
tute the expression foMr E)iBH#”]M;nd note that the interven- appropriate thermal gluon distribution functions and has the

ing factors of the metric, as, well the fact / usual energy momentum conserving delta function. In this
Ing ! w PLP. p? “9u»  calculation both gluons are massless; thus they have only

are obtained from the sum over the polarizations of the iny,, physical polarizations. The photon being massive has an
coming gluons and the outgoing photon: extra polarizatiore4. Note that the thermal matrix elements
. M, ;, still contain thermal distribution functions. Thus they
2 Sip(k)sié(k) =~ Yo (30 encode information regarding incoming and outgoing quarks
! from the process into the medium. Using the polarization
vectors, the thermal matrix elements may be easily expressed

N as vacuum multiple scattering diagrams with thermal weights

; e1u(P)e),(p) = o2 G- (1) for the incoming and outgoing quarks as well. This reformu-

lation of the thermal loops is the spectator interpretation. We

Substituting the above relations intpwe obtain now no longer have a quark loop; it is replaced with a set of

coherent tree diagrams.
Recall that in the evaluation a™'» we had performed a
f‘z 2 Ef 2 )32k2E —— &, 7" 2, )[e , T"%,ei.]  contour integration oveg? and obtained six residugsee
“ Egs.(11)—<16)]. We did not elucidate the residues at the time,
X(eﬁE— DHN(KIN(Ep-)[2mHE k= Ep)]. (32)  as we still had two complex frequenciéé, and p°, in the
expressions. Once the residue in #lentegration has been
Introducing factors of 2 and extra delta functions we may taken andp? analytically continued, we obtain the following
formally write the above as a straightforward kinetic theoryresults.

equation: For the pole ati’=yg?+m?=E, we obtain
|
e o™ LAt a- K a-p)

vp(~0 — 0 — 0 — =
A =Bk =kp'=E)=— (277)3{2Eq[(q k)? = m?][(q - p)* - n¥]

9 (q-p-K"+g*(q-k+p)’+g”(+k-p*| -
+ AR AN(Eg, 1). (34)
2E[(q - k)2 - mP[(q - p)2 - ] s
Once again3;,/, represents the trace of six gamma matrices. The term above may be reinterpreted as
= LT[ e G @)y =K M)y -+ m) Y un(a)
' 2 (2m)%2E, (g -k)?=m?)((g-p)>-nm?)

X ST ~T(Eq ) ~TiEq )} - (1B = ) ~TiEq = ]

=t’f””%[{1 ~N(Egq, ) =N(Eq, )} —{1 ~N(Eq, ~ ) ~N(Eq,~ w)}], (35

wherer is the spin of the quarkor antiquark of momentum  over, while its momentum has been integrated over. One may
g. The distribution functions have been written in a way toalso show that the coefficient of the antiquark part of the
distinguish the contributions from quarks and antiquarks. Ifdistribution functions corresponds to the diagram referred to
we concentrate only on the coefficient of the quark part ofasT4 in Fig. 4, with the incoming quark line replaced by an
the distribution functions we note thgm,1 1=eti?e e, is  incoming antiquark line.

simply the Feynman rule for the process indicatedrasn Following the procedure, as outlined above, one may eas-

Fig. 4. The spins for the incoming quark have been averageilly demonstrate that each residuegSfcorresponds to a mul-
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tiple scattering topology. As a result there are six differentprinciples. They represent the set of all possible mganhs
coherent tree diagrams as shown in Fig. 4. Each tree diagratowest order in coupling by which one may couple two

in Fig. 4 corresponds to a residue of thtintegration. No  gluons to a photon with two fermions from the medium.
particular time ordering is implied except that the gluons areAlong with this is the restriction that the fermions return
incoming and the photon is outgoing. The quarks can be bothack to the states that they vacated. The six diagrams repre-
incoming and outgoing. As a result, the thermal matrix ele-sents the six different means of ordering the gluons and the

ment M, ;; in Eq. (33) may be expanded as photon. The two kinds of thermal factoi@i(E,, +u),{1
1 —-N(Eq, £ u)}) represent the possibilities of the fermion being
M= _(/-Lil,j,l + /-Liz,j,l + ijyl + Mi4,j,| + MEN +Mi6,j,|) ejected from the medium prior to its reabsorption, and vice
2 versa. The two fermions are allowed to be both quarks and
X[{1 ~R(Eq )} = R(Eq )] antiquarks as required by a relativistic medium.

1 — —2 —3 — —5 —6
+—(..+ [ B R T S & )
2 Hia T R T R R R R IV. ROTATIONAL INVARIANCE AND YANG’S THEOREM
X[{1 -T(Eq~ w)} —N(Eq,— w], (36) The vacuum analogue of the two-gluon-virtual photon
Whereui%j’| is the vacuum amplitude of the diagram referredprocltaSS does rlOt e.x'stt due t(f)t\iur_ré/s tt_hetl)rem. llf It d'd’t't
to asT1 in Fig. 4, andﬁil-I is the same diagram with the in would represent an instance of two igentical massiess vectors
J fusing to form a massive spin one object, or, alternatively, a

and outgoing quark replaced with an antiquark. It may be ? . ; L
going q P d y massive spin one object decaying into two massless vectors.

easily demonstrated, by a simple variable transformation.l_here exist other such processes not protected by Furry’s

that ,uil- —ut . The same is true for the other amplitudes
gl il
with antiquarks, each is the negative of a different vacuunj€0r€mM: €.g.w— yy. Such a process, though not blocked
y Furry’s theorem, is still vanishing in the vacuum. We

amplitude from the six. As a result we obtain . Lo
P effectively have a situation where there are two massless

M= (Mi“ + ,uﬁ“ + Mﬁu + Mﬁj’| + ME;J + :U“i6,j,l) spin one particles in the in state and a spin one particle in the
_ _ out state, or vice versa. In such circumstances another sym-
X[=N(Eq p) +N(Eq,— w)]. (37) metry principle is invoked. This symmetry principle, due to

From the above expression it is obvious that if the chemicalf@"d [11], is based on the parity and rotational symmetries
potential ©=0, then the rate is zero as well. Note that the©f the in and out states and will, henceforth, be referred to as

imaginary time formalism only provides us with the square Yang's theorem.
of the above term. Indeed it i81? which will eventually
determine the rate. The uncoupling of theé? to individual
tree amplitudes constitutes the proof of the spectator inter-
pretation of the imaginary time formalism. One may derive The basic statement of Yang's theorem, as far as it relates
the rate starting from these simple tree amplitudes, withouto this calculation, is that it is impossible for a spin one
invoking the complicated machinery of the imaginary timeparticle in vacuum to decay into two massless vector par-
formalism. ticles. This statement is obviously also true for the reverse
We may now state the spectator interpretation for therocess of two massless vectors fusing to produce a spin one
square of the matrix element. This is shown in Fig. 5. This isobject, and as a result, a fermion and antifermion combina-
the spectator interpretation of the loop diagram of Fig. 3. Ittion in the triplet state. This may be understood through the
represents the process of two gluons in stétey encoun-  following simple observation. Imagine that we boost to the
tering two incoming medium quark&r antiquarky with ~ frame where the two incoming vectofi® this case gluons
guantum numberg, Q leading to the emission of a photon in are exactly back-to-back with their three-momenta equal and
statel and two quarksgor antiquarkgwith identical quantum  opposite. The outgoing vectdthe virtual photon in this
numbersg, Q. In the amplitude on the left-hand side of Fig. case is produced at rest and eventually disintegrates into a
5 q participates in the reaction, where@sis a spectator. In lepton pair. We will now apply various symmetry operators
the amplitude on the right hand side of Fig. 5, the reverse igparity, rotation, etg. on both the incoming and outgoing
true. Note that we do not requigg Q to be simultaneously states. Note that, as we are only interested in strong and
guarks or antiquarks; they may be either. We have thus exelectromagnetic interaction, hence, parity is a good quantum
pressed the complicated loop-containing matrix element as mumber. If both incoming and outgoing states are found to be
coherent sum of simpler tree diagrams. The main purpose d@igenstates of the symmetry operator then they must be
such a decomposition is more than just a physical perspe@igenstates with exactly the same eigenvalues, else this tran-
tive: it allows us an understanding of the mechanism of symsition is not allowed.
metry breaking not provided by the rules of the imaginary We begin the discussion with the parity operatarWe
time formalism. This will be discussed in the subsequenglign thez axis along the direction of one of the incoming
section. gluons. The outgoing or final state is parity-odd, as we know
In passing, we should once again point out how the spechat our final state is the photon, or a state composed of a
tator interpretation greatly simplifies any thermal calculation.lepton and antilepton in th&s state. The gluons, on-shell in
The diagrams of Fig. 4 are not difficult to motivate from first this calculation, are each parity-odd. We may still construct a

A. Yang's theorem in vacuum
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parity-odd in state via the following method: we label the the rotation operator on the gluon creation operator:
possible in states as
U(RY)al,U™(R2) =€mal,,
IR+;R-), |L+;L-), |L+;R-), |R+;L-), (Rrjas.U(Ry) Re
where the|R+;R-) is the state where both gluons are right U(RY)al U {R2) =emal (41)

. . A ) “R— T R--
handed. TheL +;R-) state indicates that the gluon moving
in the positivez direction is left handed while that moving in Using the above, it is not difficult to demonstrate that the in
the negativez direction is right handedwe have used the state of two gluons is an eigenstateRjfwith eigenvalue +1.
notation that the + sign indicates the gluon moving in theThus, both the in state and out state are eigenstatd®, of
positive z direction). The parity operation interchanges the with the same eigenvalue. As a result, there is no restriction
momenta of the two gluons but leaves the direction of theikg this transition on the basis of this symmetry.
spins intact. Hence, the stafe+R-)—[L+L-) is odd under We now concentrate on rotation by about thex axis.
parity operation. This implies that only this combination of The out state is an eigenstate of this operation with eigen-

incoming gluons is allowed by parity to fuse to form the vajue -1. Using Eq(40) we note that
virtual photon and hence the lepton pair.

We next turn to the rotation operatdR,. The in state is UR)aL, U™ (R =al,,
the state of two gluons; the out state may be considered to be
either the temporary virtual photon, or the finally produced

pair of lepton antilepton. One may choose either for this U(RY)af U™(RY) =af,.,
analysis; we decide on the photon as it is simpler. For the in
state we use the only state that is allowed by parity, Fe., U(R’;)aLU‘l(Rf,) _ aL

+R-)—|L+L-). This state may be reexpressed as the action
of creation and annihilation operators on the vacuum state as
URYal_U™(RY) =a/,. 42
IR+R-)-|L+L-)=[a,al -al.a] ]0), (38) (R R =2, “2
One may thus demonstrate that the two-gluon in state is an

Wh is th tate. Th ti . . . .
ere|0) is the vacuum state € creation operamég eigenstate of the above rotation with eigenvalue +1:

creates a right-handed gluon traveling in the positivirec-
tion. The remaining creation operators have obvious mean-

ings. The out state is the photon at rest and thus has the Y(RD(R+;R=)=[L+:L-))

rotation properties of the spherical harmonis, (6, ¢). As = [U(W;T)a§+u_l(R:(T)U(RfT)aE-U_1(Rf¢)

the in state has both gluons either right handed or left - t el

handed, thez component of the net angular momentum is -U(RDa U (RYU(RY)a U (R)JU(R)|0)
zero. Hence, the photon out state also 0. :[a‘Fre_a‘FrH_ aI_a[+]|O>:|R— R+)—|L—:L+). (43

We will rotate the in state and the out state by angle

about thez axis and then about the axis. The photon out Thjs implies that this transition is not allowed by any inter-

state, mimicking the rotation properties ¥{ (6, ), is an  action. Thus, we demonstrate Yang's theorem in the vacuum:
eigenstate of either rotation with eigenvalues +1 and —1lhis transition is not allowed.
respectively. Focusing on the in state, we note that rotation
by an angleg about the axis is achieved by the action of B. Yang's theorem in media
the appropriate operatdn‘(Rg) on the state in question: '
The above argument for no transition has been formulated
U(R))|R+ ;R+) = U(R))ak,al.|0), for two massless vectors fusing to a spin one final state in the
—11(p2at 11-1 z\ ot -1 z vacuum. We now intend to extend this to a transition in the
=U(R}) 2R U™ (RYU(Ry)ar. U™ (RyU(R) medium. One may argue at this point that the correct method
x|0). (39 of analyzing this situation would be to start from a particular
. . . ._many body state; invoke the matrix element of the transition
Recalling the action of the rotation operators on creationy,s’would give us the requisite creation and annihilation

operatorgsee Ref[12]), we obtain operators and end up in a particular final many body state

U(RY)ak, U ™(R}) = X D(R)rid 5, (40) N
h M:<nfl,nf2...n;|<j d4xH|(x)) Ini,nb...nb). (44
WhereD(R;)Rh:(R|e”2¢|h) is the rotation matrix for the ro-
tation of the statéin this case vectgr The indexh runs over  This has to be followed by squaring the matrix element and
all the possiblez components of the spin of the particle. The weighting it by the Boltzmann factag #5i, whereE; is the
vector p represents the new direction of motion of the par-total energy of the in state an@lis the inverse temperature.
ticle after rotation. The action of any unitary operator, suchThen, this quantity must be summed over all initial and final
as a rotation, on the vacuum will result in the vacuum againstates to obtain the total transition probability per unit phase
Setting =7 we obtain the simple relation for the action of space for this process as
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¢ ; . "o : 2 be incorporated on summation of the transition rates ob-
(nins..nfl{ | d™H ) | [ngn5...nk) tained by including all such states weighting the entire
process(incoming particles— reaction — outgoing par-
(45) ticles) by appropriate thermal distribution factors for the in-
. coming and outgoing medium particles. The thermal factors
The above method, though comprehensive, does not allow | essentially be those of Eq36). No doubt, there must
simple amplitude analysis as the case for the vacuum. Suciso appear thermal factors for the incoming gluons. For the
an analysis may be constructed by drawing on the spectatefyration of the entire discussion, we will constrain the two
analysis of loop diagrams. This method as applicable to thigluons to have the same momenta; the distribution functions
process has been expounded in the previous section. Owill thus play no role, and hence have been ignored.
results are essentially contained in Fig. 5. The new total in states and out states will now be given by
The following analysis with spectators may appear to bestate vectors that look like
rather heuristic at times. The reader not interested in such a .
discussion may consider the fact that the introduction of the 2 (IR+;R-)|o) = L +;L=)0) — [¥)]o)[L - F(E,)].
medium formally involves the introduction of a new four-
vectorn into the problem. If we were to consider the case ofln the above equation, we have taken the incoming and out-
dileptons produced back-to-back in the rest frame of the megoing particle from the medium to be a fermion, as is appro-
dium, the results from the vacuum should still hold, as in thispriate in this case. The reader will recognize the thermal
case the only new ingredient is a new four-vector of the battiactors to be exactly those of E(6). Each state may once
[n=(1,0,0,0]. This four-vector is obviously rotationally in- again be obtained by the action of the corresponding creation
variant and cannot in any way introduce rotational noninvari-OPerators on the vacuum state. The new additional factors
ance via dot or cross products with any three-vector in thé(Eo) are the appropriate distribution functions, used in the

problem. However, if the two gluons are not exactly back-expressions to indicate particles leaving and entering the me-

to-back or equivalently the medium has a net three-dium' Unlike the in and out states, the contributions from

momentum, then rotational invariance is explicitly broken.these medium states are added coherently, i.e., one does not

Even if we were to boost to the frame where the gluons ar quare the amplitude anq then' sum over spins and momenta
exactly back-to-back, we would find the medium streamin ut rather the procedure is carried out in reverse, as indicated

across the reaction. The above argument for the validity o y Fig. 5. The sun, , represents integration over all mo-

the th for static dilept i be d trated vi enta, sum over spins and colors, etc.
€ theorem for stalic diieptons will now be demonstrated via - qr method of extending Yang's symmetry will involve
the spectator interpretation.

X _ ) identifying certain subsets of the entire sum to be performed,
We consider the Feynman diagrams of Figs. 4 and 5. Thhich “will turn out to be eigenstates of the rotation and

effect of the medium, on the transition, is understood as @arity operations to be carried out once more on these states.
change in the in state to include an incoming quark from arpe “argument will essentially be the following: if we can
particular quantum-staie, where the index will be usedto  decompose the entire in and out states into certain subsets,
indicate all the characteristics of the quark in question suckyith each subset being an eigenstate of the symmetry opera-
as the momenta, spin or helicity, color, etc. The out state wilkor with the same eigenvalue, then the entire in and out states
also be modified as indicated to include a quark emanatingiill also be eigenstates with the same eigenvalues. Then, as
from the transition and reentering the medium in the samdor the vacuum process, we will compare the eigenvalues for
quantum-stater vacated by the incoming extra quark. In the the in state and out state.

discussion that follows, we will keep referring to the original  To illustrate, we focus on a subset of four terms in the full
state containing the two incoming gluons as the in state, andum in which one of the incoming medium fermions has a
the one with the outgoing dilepton as the out state. The extréhree-momentund. To keep the discussion simple we pigk
particles that enter the reaction from the medium or exit theo be in theyz plane(the discussion may be easily general-
reaction and go back into the medium will be referred to adzed to includeq in an arbitrary direction The four pro-
“medium particles.” The full effect of the medium will only cesses under consideration are

p=2 2"

G; 1] - F(Eg)

R 1)](L = F(Erzq))

[(R+;R-)=|L+;L-D|G; Ty — )

+[([R+;R=) = L+ ;L-)|R%G; 1) — |7

+[(|[R+;R=) = |L+ ;L-)|R%G; |) —

YIREG; D](L - F(Erxg,))

+[(|[R+;R=) = L+ ;L-)|RERG; |) —

RERG; 1)](1 = F(Epz pxg), (46)

whereR%q represents the three-momentgpnotated by an angler about thez axis, andR’d representsj rotated about by
an anglerr about thex axis. The arrows, | represent the component of the spin of the medium fermion. As we are in the
center of mass of the thermal bath we have

Y)
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Eq1 = Erz41 = Ertq. = Erzrg.- (47)

Thus we may completely factor out the distribution functions. Without loss of generality we may combine all four in states and
out states to give

(IR+;R=) = |[L+;L-)[]6; 1) +|RZG; 1) +|R%6; 1) + [RZRG; 1)]
—|YO0d; 1)+ RZG; 1) + |R5G; 1) + [REZR%G; 1] (48)

Now, it is simple to demonstrate using the methods of rotation of creation operators outlined in the vacuum case, that both the
in and out states are eigenstatesRjf Concentrating on the rotation of the in state we obtain

UR)(IR+;R-) =L +;L-0)[[d; 1)+ [R2G; 1) + [R%G; 1) + [REREG; 1) [=U(RY) (ak.ak_ —al..al. JU™HRY)
x[URDAE U RDU(RY agzg U™ ROUR agg, U (RDUR age g, U (R | 0)
==i(|R+;R-) = L+ ;L-)[|RXG; 1) +|RXR2G; 1) +di; 1) + |R26; 1) ]. (49)

Note that the medium fermions just mix into each other, butexact back-to-back case by rotational symmetry i@ bro-
the over all state remains the same. Following the abov&en medium, i.e., the effect is zero f@=0. To obtain a
method one can show that the out state is also an eigenstaienzero contribution, rotational symmetry has to be broken
of R, but with an eigenvalue df Thus, we can decompose by a netp. The magnitude of the signal from such a symme-
the entire sum over spins and integration over the threetry breaking effect may only be deduced via a detailed cal-
momenta of the medium fermions into sets of states as indieulation. In the next section we shall outline just such a
cated, each will result in an in state and an out state betweetnlculation.
which no transition is allowed. For the rotati@®:. we note The derivation of Yang’s theorem depended expressly on
that the eigenstates are in fact a subset of two states: in thie the two incoming gluons being massless. This enforced
case, the sum of the first two states of E46) are eigen- their polarizations to be purely transverse. Another way of
states ofRZ, as is the sum of the third and fourth state. breaking rotational invariance is thus by giving masses to the
This would imply that such a transition, as implied by the gluons. This is not unjustified since in medium they acquire
Feynman diagrams of Fig. 4, cannot occur. There is, howa thermal mass. If the gluons are considered as being mas-
ever, a caveat to the above discussion. Note that in thsive, this implies that they now have three rather than two
vacuum case we expressly boosted to the frame where thghysical polarizations. The longitudinal polarization state is
two gluons would be exactly back-to-back with their three-then physical and can be seen as being responsible for the
momenta equal and opposite. Then, rotational symmetry wasreaking of Yang's theorem. Under parity, rotation around
invoked to demonstrate the impossibility of this transition. Inthe x axis of 7, and rotation around the axis of &, the
the case of the processes occurring in medium, we tacitlgreation operator of the new 0-polarization state transforms,
began the analysis with the two gluons once again exactlyespectively, as
back-to-back in the rest frame of the bath. However, if the

two gluons are not exactly back-to-back or equivalently the Paj, Pt =-aj., (50
medium has a net three-momentum, then rotational invari-
ance is explicitly broken. Even if we were to boost to the URY)al, U YR =-a)., (51)
frame where the gluons are exactly back-to-back, we would
find the medium streaming across the reaction. This would U(Rff)ag,,U‘l(RfT) =af§+. (52)

make the distribution functions of the two gluons different

(even though in this frame they have the same enefgy.  Then we can construct the two new in states with total an-
(47) would no longer hold. As a result it will not be possible gular momentum along thedirection of 4,

to construct eigenstates of the rotation operafofsandR% 1

as done previously. As the in and out states will no longer be —{|R+;0-)—[0+;L-)}, (53
eigenstates oRZ andRZ with different eigenvalues, transi- V2

tions will, now, be aIIowed between them.

In the above discussion, we have demonstrated how the
medium may, once again, break another symmetry of the
vacuum; in this case rotational symmetry. This allows the
transition of Fig. 2 to take place in the medium. This process
is strictly forbidden, in the vacuum, by two different symme- We must now inquire as to the possibility of a transition with
tries (charge conjugation and rotatipnt is forbidden in the  a virtual final photon in then=*1 states. First note that now

L0+ Ry - |L +;0)). (54
V2
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the out states are not eigenstatesJOR:) operator, but still 2lk-qle
are of U(R?) with eigenvalue —1. Applying this operator on 0y = T (56)
the in states, one finds that they are eigenvectors with eigen- q

value —-1. Therefore, the in states and out states share tbﬁHus for a givenk, q the samee corresponds to different

same eigenvalues. Thus the transition is not prohibited b¥|mits of the angular integration. The rotational invariance

arity and rotational symmetries. ; : N
parity y required for Yang's theorem is broken and a nonvanishing

In a real medium both effects discussge., finite mo- L > .
mentum and massive gluonsould be present and simulta- contribution results. The physical interpretation of the non-

neously lead to the breaking of this symmetry. In this articleVanishing results of Refg6,8] thus become unclear. The

we separate these two effects and study each in turn. TH&SUlts obtained here do not depend on those prior findings.

complete calculation incorporating the two simultaneously this sense, the current article constitutes an update and a

will be left for a future effort[20]. correction. In what follows, the symmetry in Yang'’s theorem
There remains yet another means by which the symmetryill be broken only by real physical effects prevalent in hot

of Yang’s theorem may be broken: that of a rotationally non-media.

invariant regulator. The results from this scenario have al-

ready been presented in Reff§,8]. In these calculations the .

dileptons were produced back-to-back, i.e., from a virtual V. RESULTS FOR p#0

photon which is static in the rest frame of the plasma from

. . We concentrate on the breaking of the symmetry under-
the fusion of massless gluons. The reader will note thaﬁ 9 y y
u

riting Yang's theorem by imposing a nonzero three-
. S | omentum to the process. In other words, the virtual photon
result in a vanishing rate. Yet this rate was found to be nonp < - et three-momentum in the rest frame of the bath. The

zero. The reason behind this result is the choice of the "9luons are considered to be massless. As may be easily un-

lator used in thosg calculations. From EGE8) and(49) we erstood from the preceding section, the magnitude of sym-
note that we required the coherent sum of at least four quar

tat ith the | . K : i | etry breaking rises with the magnitude of the three-
states, wi € Incoming quark occupying Symmetric angi€Sy, , yontym, Thus the largest possible valuep wiill lead to

for Yang’s theorem to hold. If we designate one of the gluons(he largest signals

to pe algrlﬁ thez axis, anﬁd On?hOf t?ﬁ mco:cr_ung ?_uarlghs l{s We want in the end to calculate the number of dileptons
assigned the momenta, 6, 4), then the configuration tha per unit spacetime per unit energy per ypit=p, i.e.,

obeys the rotational symmetry of Yang's theorem will in-
clude incoming quarks atq,,¢+m), (q,7—0,¢), and AN &R ot
(q,7-6,¢+). Thus in thed integration, one must include 7 dE db" dE :f 2Q,p?

balancing contribution® and - 6. Edp dEdp

As is the case in this article, the results of R€f3,8] . . . .
consisted of the sum of contributions from multiple residues,where we have integrated the differential rate over all solid

some of which displayed singularities #—0 or 6— . ang!esﬂp. The angle ofp is glvyays measured f.rom the di-
rection of the more energetic incoming parton: In this case

This corresponds to one of the internal lines in Fig. 4 goin . , .
on shell. This divergence is canceled when all the differen he gluon with energy>E/2. Th's. procedurg will 'also be
ollowed for the Born term and will be explained in greater

residues are combined, as will be shown in the next sectio Yetail in the last subsection
Each residue is then evaluated using a regulator. Two obvi- ) o .
We begin by presenting results for a simpler case. We

ous choices are the angle- 0<_ ™9, ar?d the mag”'tgd? of look at the differential rate when the two incoming quarks or
three-momentum _of the intermediate state=|d+k|  glyons are forced to be back-to-back but have different en-
=\0?+k?+2kq cos 6, where|g-k| +e<x<q+k-e All tesi-  grgies. This may be obtained by setting the anpetween
dues are then evaluated in the limit>0 ore—0, where the e photon and the in coming gluon to zero. Alternatively
same regulator is used throughout. The divergence will bgne may obtain this by expanding the rate in a Taylor expan-
canceled m_elther case when all the residues are summed. 8y, in angle and keeping only the first term. One reason for
the calculations of Ref$6,8] the three-momentum regulator considering this special case is that this is the simplest gen-
was chosen. o o _ _ eralization from thef=0 case. Yet another reason for con-

~ From the preceding discussion, it is obvious that integrazjgering this case is the possibility of an analytical solution.
tion using the angular regulatdr obeys Yang's theorem as \ye provide complete analytic results in this case, as opposed

symmetric contributions fromg=45 and ¢=m—6 are in- {4 the general case where the final integrations can only be
cluded. However, this is not the case with the three'performed numerically.

momentum regulator. Thougb=0 corresponds t&=0, at
e—0 we find thatx=|q+k|-e€ corresponds to #=8,—0,
while x=|q-k|+ e corresponds to &= 7-8,— 0. After some A. Differential rate for back-to-back gluons
calculation, it may be demonstrated that

Yang's theorem holds for such a process and hence sho

dp*’

We begin by evaluating the sum of the six matrix ele-

2lk+qle ments on the right-hand side of E¢37). Recall thati,j
o = kg (55 indicate the polarizations of the incoming gluons, whereas
q is the polarization of the outgoing photon. In this configura-
while tion, a variety of simplifying relations result:
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M*',—J:M—,*'J:O' (57) Mi,j,+:Mi,j,—:O- (58)

There is no contribution to the transverse modes of the pho-
As expectedand pointed out befolgin a back-to-back situ- ton. This is obvious as the two gluons form a system with a
ation, both gluons have to arrive with the same polarizationnetL,=0.
i.e., either both must be right handed or both left handed. We are now in a position to write down explicit expres-
This will result in a netz component of angular momentum sions for the various matrix elements of E7), i.e.,
L,=0. The configuration with one left-handed and one right-M; ;= (uf;  + il + )+ i’y + )+ 0 )AR(Eq, ). On
handed in a back-to-back scenario will have la=2 and  performing all the angular integrations, frequency sums, and
thus will not couple to a spin one object: contractions with polarization vectors, the results are:

Mo sg= Mo g= egzé*”f dqePAT(Eg, 1) { PG ~ p? + B2+ dn)In(|= Vo + P + g

" T2 ) enPegE2-p? T [(E-p)P- AP+ mI)IIE + p)? - 4 + mP)]g
_mmPp(4 of - p?+E*+ 4 m)In(\Vg? + m? + q) _mmA(E - Zv'(qZTmz)lnq— 1/2E2 + 1/2p* + E\qu/Tmz -qp)
CIE-p?- AP+ M[E+pP- AP +mdlg QE+p- 2V + M2/ + P —E+p)
.\ 1Gwn12(2vm+ E)In(|- 1/2E% + 1/2p? - E\g? + m? - qpl)

A= 2Vg? + P~ E+ p)(2Vg? + P + E + p)
. 16quZ(E — 2\ + mA)In(|- 1/2E2 + 1/2p% + E\G? + m? + qp))
q(E +p =20 + nP)(2Vg? + P — E + )
) 1G7Tm2(2vm +E)In(|- 1/2 E2 + 1/2 p? - EVg2+ 2 + qp))
q(- 2Vq? + mP - E+p)(2Vq? + mP+ E + p) '

(59

We are thus concentrating on the virtual photon producedate the derivative of the differential rate with respect to the
only by back-to-back gluons of unequal momenta, and willincoming gluon angle),:

compare with the rate of production from only back-to-back

quarks of unequal momenta. We are thus breaking Yang’s dR e dr

symmetry by the introduction of a net three-momentountt d*pdQ, = 3(2m)%(p?)[eE - 1]d_()k' (61)

is a simple exercise to check that the above matrix element

vanishes linearly witfp asp— 0. The apparent pole igis  aAs mentioned before, temperatures in the plasma formed at
canceled between the six terms. There is stilldgentegra-  RHIC and LHC have been predicted to lie in the range from
tion to be performed, which is done numerically. 300-800 MeV [22,23. For this calculation, we us@

The differential production rate for pairs of massless lep— 400 MeVv and 800 MeV. To evaluate the effect of a finite
tons with total energf and and total momentuis given  chemical potential we perform the calculation with two val-
in terms of the discontinuity in the photon self-energy$& s of chemical potentigh=0.1T (left plot in Fig. 6 and
Eq. (32), and Ref.[21]) w=0.5T (Right plot in Fig. § [24]. This calculation is per-

dR e ot 1 formed for two flavors of quarks with current masses.

o= ET o BE o (60) In Fig. 6, the differential ratfEq. (61)] for the production

d*p  3(2m°(p?)e* -1 of dileptons with an invariant mass from 0 to 156 MeV is
wherer=[p,p,/p?-g,,IDisd -iTI*"]. In general, the matrix presented. The energy is held fixed at 500 MeV and the

~ - three-momentunp of the dilepton is varieda dilepton in-
element depends on the anglbetweenp andk. As a result, variant massvi=156 MeV for an energfe=500 MeV cor-

twﬁ/ equ\;\\//alrennt m:ianls nOf t?]nglélfr‘r |:;tengrif;11tl\?v?ﬂpr:esent ttk?emr'esponds to the three-momentum of the dileptpn
selves. Ve may selalong thez direction, chcasethe _475 MeV). In the figures, the dashed line is the rate from

matrix element will depend on the polar angle 6 of k. As  tree level gg; the solid line is that from the processy

a result, the integral ove(@p yields an overall factor of 2. —e*e”. We note that in both cases the gluon-gluon process
Alternatively we may sek along thez direction, in which  dominates at very low mass and dies out at higher mass
case the rate depends on the angtef,, and the integral leaving theqq process dominant at higher mass or lower
over ), yields an overall factor of 2. Both methods are momentum. The Born term displays a sharp cutoff at photon
equivalent. We chose the latter prescription. Thus we calcuinvariant masdv = V2mE. The back-to-back annihilation of
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FIG. 6. The differential production rate of low mass dileptons from two back-to-back processes. Invariant mass runs from 156 MeV to
0 MeV. The energy of the dilepton E=500 MeV, and the abscissa is the three-momenpuifhe dashed line represents the contribution

from the processjq— e*e”. The solid line corresponds to the procegs— e'e”. Temperature is 400 MeVLeft pane) quark chemical
potential is 0.1T. The right figure is the same as the left but wit0.5T.

two massive quark&@f massm) to form the virtual photon of  the Born term threshold and the right panel displays the rates
energyE and invariant mas$/ is no longer kinematically above threshold. We note in the left panel of Fig. 7, as ex-
allowed. Also, the annihilation of a quark-antiquark pair to pected, that the gluon fusion term rises further due to thermal
form a dilepton is not allowed for any incoming angle for loop enhancement, however this rise is rather minimal. In the
dileptons with an invariant madd <2m. The gluons being right panel we note that the rates fgg— e*e™ continue to
massless continue to contribute in this region: this contribufise due to the growing distribution functions for soft gluons.
tion is shown in the right panel of Fig. 7. Thus the signalln a realistic calculation the gluons would be endowed with a
from gg fusion (for partons with current masgds dominant  thermal mass that would cut off the steep rise indlgeate.

at low invariant masses for intermediate dilepton energies. In _ _
Fig. 7, we indicate the influence of a higher plasma tempera- B. Full differential rates

ture on the rates. Here, a plasma temperature of 800 MeV In the previous subsection, we calculated the six matrix
andu=0.5 T is used; the left panel displays the rates belowelements of Eq(37) (or Fig. 4), for the special case of the

10—6 - T T T T T T — 3 10_4 F T T T T ) T
107 ¢ e E

“““““ 10° =
10° L

dR/d’pdEdQ
3
T
dR/d’pdEdQ
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107" b 4 g ]
1 0-‘2 ) 1 ) 1 . | . 1 . 1 0-3 . 1 . 1 . ) .
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p MeV) p (MeV)

FIG. 7. The left panel is the same as in Fig. 6 but with a temperature of 800 MeV. The quark chemical potential is 0.5 T. The right panel

is the rate ofgyg— e*e” just below and beyond the Born term threshold. The Born term thresholdois489.6 MeV for a dilepton energy
of E=500 MeV and quark current masses of 10 MeV.
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angle betweerk and p, i.e., 6=0. A close inspection of the

diagrams of Fig. 4 will convince the reader that, in the event

PHYSICAL REVIEW (69, 064901(2004

&

Coiémax) =1 _E = E_

E

X
1--.

= (64)

that the incoming gluons and the outgoing photon are in the N
same line, the angular integration over all quark directionsl NUS Sna=V2X/E~M/E.

displays an azimuthal symmetry. This implies that the inte-

gration d¢, results in a mere overall factor ofs2 The do

Yet another inference about the behavior of the rate with
may be drawn from Eq(32). Here we note the presence of

integration, though nontrivial, can be performed analyticallytwo Bose-Einstein distribution functionsi(k),n(E-k) and

and results in Eq(59). The integration over the quark mag-

the factork/(E—k) in the measure. Note that a%—0, k

nitude cannot be performed analytically and we resorted téends to its maximum value, ano=E—-k tends to its mini-

numerical means.

In the case of @+ 0, the azimuthal symmetry in theq
integration is absent and bothp, and d¢, integrations are
nontrivial. It is no longer possible to perform both analyti-
cally. Following thedq integration, we also have to perform
the integration over the angk® This will give us the differ-
ential rated’R/dE dp This turns out to be a complicated

mum value. This greatly enhances the factdk/(E
-k)In(k)n(E-k)], as compared to its value &t 5,,,, Where
k and E-k are of the same magnitude. This implies that if
the matrix element does not rise sharply wishthen the
differential rate falls off asj is raised.

The above mentioned observations allow us to expand the
matrix element in a series iA. On expansion we note the

problem to solve in general. However, from the previousfollowing behavior for the longitudinal photon:
subsection we have learned that the rate form this process is

comparable to the Born term only at very low mads
=\VE?-p?—0, or ratherp—E (see Figs. 6 and)7 If we
insist on calculating solely in this limit an approximation
scheme may be constructed.

There are two basic scales that we input into this problem;
The mass of the quarka and the temperature of the plasma
T (the chemical potential is always estimated as a fraction o}:

the temperature, hence it does not constitute a separ
scalg. At the low invariant masse®f observed dileptonsn

question the strange quark does not contribute. For the u

and the down quark, we are considering plasmas where
<T. We now insist on observing dileptons with large four-
momenta E,p~T, yet very small invariant masiv
=VE?-p?~m<T. Yet another smaller scale is that xtE
-p, where x=M?/(E+p)~M?/E>M. One may construct
three-dimensionless scales from these quantitiessMIE
>X/E.

We denote the incoming gluons by their polarizatiorjs
Now, sayi is more energetic and is ascribed the moméata

the other(j) has momentunig—K| by conservation. As out-
lined in the previous section, we intend to integratéom
=0 when the two gluons are back-to-back duet|p—K|
=E-k (i is a very hard gluon angl is very sofy) up to &
= Smax Wherek=|p—k|=E/2 (where, throughout the gluoin
is more energetic than the glugh The remainder of thé
integration may be obtained by simply replacingith j and

Mija(8)=myg—m+ ...,

where themy’s are all positive contributions, and depend on
E,p, T, . Thus for smallé the matrix elementor the square
of the matrix elementdrops asé rises from zero. A plot of
this behavior(in arbitrary unit3 for a typical case is shown
in Fig. 8. It should be pointed out that the angular integra-
ions of the quark momenta.e., 6, ¢) may be analytically
ferformed only after the expansion & The remaining in-
tegration over the quark-momentumis performed numeri-
gally. If the matrix element was not expanded in a serie§ in
one would have to perform four sets of integrations numeri-
cally. The presence of poles in the matrix elements of the
diagrams in Fig. 4 makes this a prohibitively difficult proce-
dure.

Now that we have moved away form the back-to-back
scenario, we will also witness the production of transverse
photons. On expansion ifiwe note the following behavior:

/\/li,j’t(b‘):ml&— m353+ .

As expected this contribution goes to be zer@as0. It also
turns out to be very much smaller than the longitudinal con-
tribution in the limit of small invariant mass dileptons. We
thus obtain that the dominant contribution to the rate ema-
nates from the longitudinal photons.

It should be pointed out that such an expansion is only
strictly valid as long a® is of the order of the smallest scale

noting that the remainder is nothing but the same integratiofh the problem i.e.x/E. However, as demonstrated by the

with the gluonj now ascribed the larger enerdyand &
defined such that thepoints in the positive direction. The
magnitude of5,,,, may be estimated simply from the preced-
ing discussion. As the gluons are massless

E-k=Epq=|p-K=\p?+K-2pkcogd). (62
This implies that

2Ek—M?2

cog o) = 2pk

(63)

The value ofé= s OCccurs atkk=E/2, hence

plot of the imaginary part of the self-energy in Fig. 8, it
remains valid much beyond this point. This is due to the
influence of the measure and the gluon distribution functions
which drop rapidly as one moves away frafa 0. It should
be pointed out that only the matrix elements have been ex-
panded in a series, all other factqesg., gluon distribution
functions, measures, efcetain their closed expressionsdn

We are now in a position to integrate ov&rThis is also
performed numerically. As we have expanded the matrix el-
ements ind and retained only a finite number of terms, the
square of the matrix elementa1|? grow beyond a certain
6=4;. This growth is not real and is merely a facet of our
finite expansion in. Two possible means of carrying out the
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FIG. 8. The left panel shows the behavior (@ =my—m,5%)/M(5=0) as a function ofs for a typical case of=0.5 GeV,u=0.5T,
E=1 GeV, andp=0.9999 GeV. The right panel shows the behavior oﬂlm)/lm(Hfj)(éz 0) as a function ofs.

S integration present themselves. We may terminate the intdarge contribution; this in turn leads to the excess growth
gral at §;. Ostensibly, this represents the lower limit of the displayed by the upper limit at small invariant mass and large
rate. These are represented in Fig. 9 as the solid (ipeth  energies.

with and without symbols We may continue to integrate up ~ The rates after integration ovérare presented in Fig. 9.

to 6= bmay this will include the integration of a growing rate The dot-dashed lines are the rates from the Born term at
convoluted with an increasing angular measisia 8). This  various energies of the virtual photon. The solid lines are the
represents the upper limit of the rate. These are representdaver limits of the rates from gluon-gluon-fusion for the re-
in Fig. 9 as the dotted lines. As the invariant mass is lowere@pective energies of the virtual photon. The dotted lines are
or the energy of the pair is raised the differential rate dropghe upper limits of the respective rates. In general the rates
sharply from its value at=0; this invariably results im,  from gluon-gluon fusion are suppressed as compared to the
>m,. As a result the integration beyonsk 8, produces a Born term except at very high momenta or very low invari-

0
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0

FIG. 9. (Color onling Differential rate for the production of dileptons at high momenta and small invariant mass. See text for details.
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FIG. 10. (Color onling Differential production rates fof =400 MeV. See text for details.

ant mass. Three cases have been presented where the eneamgjon with massive and equally energetic gluons we find that
of the dilepton is set at 0.25, 0.5, and 1 GeV. As may bethe nonzero matrix elements are proportional to the gluon
noted, the results are quite similar to the back-to-back gluomass and scale like . confirming the finite density nature
fusion rates, i.e., the case & 0. The rate from gluon fusion of this process. We point out that the integrand diverges un-
rises beyond the Born threshold due to the rising Boseless my<2m,. Beyond this limit the self-energy analytical
Einstein distributions of soft massless gluons. structure becomes intricate. In this section, we present results
only where the above relation holds. Dilepton production
VI-RESULTS FOR mg=>0 rates from regions beyond this threshold, as well as rates
We now turn to the case where gluons acquire a mediumemanating from the fusion of massive gluons wit# 0, will
induced mass and where the virtual photon has no net thred&e addressed in a future eff&0].
momentum(p=0). As we have seen, the gluon’s longitudinal  To explore dilepton production in the range where the
degree of polarization allows to circumvent Yang's theoremmass inequality is respected, we begin by ascribing current
More specifically, we expect transitions to occur when themasses of 10 MeV to the quarks, setting the quark chemical
net component of the angular momentum is £ potential tox=40 MeV, and the gluon mass to almost twice
that of the quarki.e., my=19.99 MeVj as a reference point.

./\/liije,:O, (65)
o' F T T T T T T T T ]
efs™ ([ dq /_\
Mi,3 i: ngi’iz - % 2 (Zw)zAn(Eq,M)J(Q1k)y 10-10_ —
(66) 10 - “““ .
where m% 1o"“i ‘f_':..-::;‘_w 7]
4 e
q m 5 e
gk+ Emg (Equ + qk)2 - _49 % 0 \'""\«.:.-:_:_‘_‘_: ~~~~~~~~~~~~~~ N
J(q,k) = In 7 e s
8E(Eq , M w0 ST
(Equ - qk) - 4 ook - ] mz =O.5n':lq i
2\ 2
EsEE _ (qk _ Tg) stl)o ' 10|00 ' 15|oo ' 2o|00 ' 2500
a, : (67 B (MeV)
2\2 |
EZEi _ qk+ mg . . . 0
q 2 FIG. 11. Differential production rates forg2-Il with T

=400 MeV, uy=40 MeV, m;=250 MeV, and different gluon
whereE,=k?+m¢. Therefore, in the back-to-back configu- masses.
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With these, we see that the differential production rate due tc i ! | e I
the gluon fusion is lower than the contribution from the Born
term across the range of the invariant mésse Fig. 10 Contour C ; Contour C
However, if we increase the quark chemical potentiauto )
=200 MeV or reduce the quark current massrig=1 MeV FIG. 13. The contours used to evaluate the Matsubara sum with

while maintaining the gluon to quark mass rafi@., 1.999, a finite chemical potential. See text for details.

we see that the gluon fusion rate may dominate over th‘Eiileptons emanating from such a medium. The reason behind

Born term up to an invariant mass of 125 MeV in the CaS&pis choice is evident: electromagnetic signatures provide a

where the quark chemical potential reaches 200 MeV. Wedirect probe of all time sectors of a heavy-ion collision. The

also present results where the gluon mass is set equal to thgt, 0y of these symmetries is manifested at lowest order in

?f thethquazk(Le.f, 1(.) MZV)' I_n t:us c?selwe see t_hattthe rat‘r";fthe spectrum of dileptons produced by two-gluon fusion into
rom the gluon fusion dominates at a low invariant mass. If, '\ photon through a quark loop.

we lower the gluon mass beyond that of the quark then the g, 3 process is forbidden in the vacuum by both Furry’s

]Protf.gzs W']ll ha:\ée a_nonvamshglg c?ntrlbu?rc])n ";] ? r€g1oNtheorem and Yang's theorem. Charge conjugation was bro-
qu Il en for theqq process due fo its thresholtsee ken explicitly by the introduction of a nonzero population of
ig. 11). u and d valence quarks in the plasma. A nonzero baryon

If instead of current masses, the quark masses are set fo, i present solely in these flavors, causes a net electric

;’a'PeS of kt)he order OgTa then we finddthe rﬁteérom gluon charge density in the medium. This leads to the breaking of
usion lo be suppressed as compared to the Born {eam Furry’s theorem, which holds purely in neutral media.

Fig. 11)._This is not unexpected as the gluons fu;e through a The presence of a preferred rest frame of the medium
quark triangle; the presence of 'Iarge masses in th? quaq%ads to the introduction of a bath four-vectorinto the
propagators leads to the rates being suppressed in this reglBpoblem. If calculations are performed in this frame then

of Rar"_"mtiter space]; uon fusi £ 0 nteresi =(1,0,0,0. No such vector exists in the vacuum. If two
S in the case of gluon fusion with#0, an interesting o065 back-to-back gluons with equal energy fuse in

feature of the differential rate is its strong dependencg.dn - :
(Fig. 12 and its weak dependence on temperature and Othgacuum along the axis through the quark triangle, then the

enerqy scales: as the chemical potential increases, the r ut state consisting of a static virtual photon will have the
i : ) O ' mponent of it id,=0. Both the in state an t stat
rises. For the Born term the opposite behavior is true. As th ponent of its spin,=0. Bo € in state and out state

hemical potential | th . K lation is d re eigenstates of a rotation hyabout thex axis but have
chemical potential Increases, the antiquark popuiation IS A€ ey eigenvalues. Hence, such a transition is forbidden.
pleted, inhibiting the production of dileptons through this

channel. Thus, an accurate estimate of the differential ratThiS 's the statement of Yang's theorem and is based on the
. . ’ : fvariance of both the in state and out state under a rotation
will require a good knowledge of the baryon chemical po-y, bout th :
tential as well as its variation with time in a QGP. y m aboult thex axis. L -
' The above argument of no transitiedue to the in state
and out state possessing different eigenvalues with respect to
VIl. DISCUSSIONS AND CONCLUSIONS the rotatlon_byw about t_he< axis) continues to hold even for
the production of a static photon in the rest frame of the bath
In this article we have presented a detailed study of thevhere the in state and out state are modified to include spin-
observational effects of broken charge conjugation, and brohalf fermions. It should be pointed out that we have tacitly
ken rotational invariance in a QGP formed in a heavy-ionassumed the plasma to be infinite in extent and isotropic; a
collision. The signal under consideration was the spectrum ofealistic plasma of finite extent, which is not spherically
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symmetric, will explicitly break rotational invariance. To our  Integrating over all incoming gluon angles turned out to
knowledge, this fact may be understood solely in the spectase an involved procedure and led us to invoke an approxi-
tor interpretation of loop diagrams. The spectator interpretamation scheme. At a very small invariant mass, we noted that
tion represents a formal procedure by which the imaginaryhe gluon fusion rate is dominated by back-to-back gluon
part of a diagram containing loops may be reexpressed ifusion. We thus expanded in the angle between the photon
terms of the product of matrix elements consisting solely ofand the more energetic gluah Results for the differential
tree diagrams and particles from the bath that do not partakeate per unit energy and per unit momentdfR/dE dphave
in the reaction process. The spectator interpretation for thbeen presented in Fig. 9, in comparison with the Born term.
imaginary part of a three-loop diagram was derived for thisAs expected, the rate from gluon-gluon fusion becomes com-
process and is essentially contained in Fig. 5. In the spectat@arable to the Born term only at a very low invariant mass,
interpretation different states containing fermions with dif- for photon energies of 0.25, 0.5, and 1 GeV. As noted in the
ferent spins are added coherently. This allowed us to conprevious section a large portion of the enhancement may be
struct a subset of the entire sum of in states that respected tla¢ributed solely to the lack of a mass for the gluons and
rotation symmetry of the vacuum stasee Eq.(48)]. For  Bose-Einstein distributions as opposed to Fermi-Dirac distri-
each such subset no transition was allowed by argumentsutions for the quarks.
similar to those used in the construction of Yang's theorem In the case of a virtual photon with a n&t the possible
(see Sec. IVR choices ard,= £ 1. This requires one of the incoming gluons

This invariance will be broken by the presence of anyto be in a longitudinally polarized state. Hence, the gluons
three-vector in the problem. The two possible choices fowere endowed with a mass. One may ascribe the origin of
such a three-vector are a net three-momentum of the virtuguch a mass to dispersion in the medium. As in the previous
photon(p+ 0 in the bath framg or a nonzer@ component case, the rate is seen to rise sharply with increasing chemical
of its spin(J,# 0). In the first case one may boost to the restpotential. Due to analytic considerations, the quark mass
frame of the static photon. However, this will no longer be (M) was always set to be larger than half the gluon mass
the rest frame of the plasma and rotational invariance will bemy<2m). In this kinematic region, the rates from gluon-
explicitly broken. In the second case the production of agluon fusion turned out to dominate over the Born term for
virtual photon with al,# 0 will require an incoming massive low invariant masses of dileptons, if the quarks were chosen
gluon which breaks one of the principal conditions requiredto be lightm,<T. However, the rates were subdominant to
for Yang's theorem to hold. In a real QGP we would expectthe Born term for the production of dileptons with large in-
both effects to be present simultaneously. In the interest of sariant masses, or for quark massegT. We point out that
clearer understanding of the mechanism of symmetry breakn this calculationT=400 MeV, henceg~2. Thus, unlike
ing we had chosen to explore both possibilities in isolation.the case for plasmas at very high temperatgie;- T.

In the case of a virtual photon with a net three-momentum Gluons with masses at and above this thresH@ia,)
p, we began with the case of two massless gluons in a backnay decay into two quarks which are both simultaneously on
to-back configuration along theaxis but with unequal en- shell. In the language of spectators, this corresponds to one
ergies. This resulted in a virtual photon with a net three-of the propagators in the diagrams of Fig. 4 going on shell.
momentum along the axis. Under this kinematic restriction The calculational and interpretive complications that arise
we present a closed analytical expression for the matrix elefrom this situation are rather involved and represent a prob-
ment[see Eq(59)]. The rates from this matrix element are lem for the spectator interpretation. A preliminary calculation
plotted in Figs. 6 and 7 in comparison with the Born term.without the use of the spectator interpretation at this thresh-
These figures represent the cases with plasma temperaturesét in the limit of massless quarks and gluons found the rate
400 and 800 MeV, corresponding to the cases of QGRo be largg6]; however these required the use of momentum
formed at RHIC and LHC energies. We find as expected thatutoffs which did not respect the symmetry required by
the differential rate rises with increasing chemical potentialYang’s theorem. As pointed out earlier this made the physical
u; two extreme cases with=0.1T and ©=0.5T have been interpretation of these results unclear. The computation of
explored. The rates however show a rather modest rise witthe rates at and beyond this threshold with full quark and
increasing temperature. This has been pointed out earlier duguon dispersion relations at finite three-momentum and their
to the vanishing of thg?T? component in the HTL calcula- interpretation in terms of the spectator picture will be dealt
tion of this loop diagrani8]. The rates are also observed to with in a subsequent calculatiof20]. Our goals in the
rise with increasing three-momentuim| (for a given fixed present article have been to separately elucidate certain sym-
energy as expected due to the breaking of Yang's theoremmetries of the vacuum which are broken by a particular chan-
As the gluons are massless they continue to contribute to theel of dilepton production in a quark gluon plasma. For the
region beyond the Born threshalsee Fig. 7. In this region,  purposes of simplicity we computed the rates from this chan-
contributions originate from the fusion of a gluon carrying anel for a plasma in complete thermal and chemical equilib-
large majority of the photon energy with an ultrasoft gluonrium. As the dileptons in this channel are produced essen-
carrying a tiny fraction of the photon energy. In fact the tially from the fusion of gluons, this process may display far
rising rate in the right panel of Fig. 7 is due to the Bosegreater significance in early plasmas, which are estimated to
enhancement obtained from the distribution function of thebe out of chemical equilibrium with large gluon populations.
soft gluon. The presence of a gluon dispersion relation or #&n accurate estimation of the full dilepton rate from this
gluon mass will lead to this rate reaching a maximum at achannel will require a two-step process. One needs to com-
threshold set by twice the gluon mass. bine the two effects of symmetry breaking discussed in this

064901-20



BROKEN SYMMETRIES AND DILEPTON PRODUCTION. PHYSICAL REVIEW C 69, 064901(2004)

article. This rate will then have to be folded in with a real- vision of Nuclear Physics, and by the Office of Basic Energy
istic space-time model of the evolution of the plasma. Such &ciences, Division of Nuclear Sciences of the U.S. Depart-
model will have to include an estimation of the early gluonment of Energy, under Contract No. DE-AC03-76SF00098.
population with estimates for the effective inmedium masses

of the gluons and the evolution of these quantities with time. APPENDIX: CONTOUR INTEGRATION OF T#»p

Work in this direction is currently in progre$20].
y In progres20] In this Appendix, we outline the formal calculation of the

two-gluon-photon vertex in the imaginary time formalism,
using the method of contour integration. In this case, the
standard method of contour integration will be modified to

The authors wish to thank Y. Aghababaie, S. Jeon, J. lallow for the appearance of expressions which may be easily
Kapusta, V. Koch, C. S. Lam, and G. D. Moore for helpful generalized from the case at zero density. This procedure
discussions. This work was supported in part by the Naturahllows for the construction of the spectator interpretation. As
Sciences and Engineering Research Council of Canada, tmeentioned before in Eq$7) and(8) the Feynman rules for
Fonds Nature et Technologies of Quebec, the Director, Officghe two-gluon-photon vertex in the imaginary time formal-
of Science, Office of High Energy and Nuclear Physics, Di-ism are
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-1 d%q m) i(q-K+ m) i(q-p+m)
el )32Tr{'e‘5k'7” o g ’k’/)(qq—rﬁ%mz]’ -

,_—1( d% _ iq+p+m . . i(d+K+m) . . i(g+m)
THP _FJ (277)3%Tr{leaiwﬂ(q+p)2—mzlgtkjyp(q+k)2—mzlgtji7 qz—mz]’ (A2)

where the trace is implied over both color and spin indices. The zeroth components of each four-momentum are
=i@2n+D)aT+u, p’=i2maT, kK°=i2j=T,

wheren, m,j are integers ang is the quark chemical potential. The overall minus sign is due to the fermion loop. The sum
over n runs over all integers fromos to +. As mentioned previously, the momentum- and mass-dependent parts of the
numerators of EqQgA1) and(A2) may be separated as

e J dq o [ BravBeYg (q-K) 5(a - p),
28 J (2m?3*5; 2-mA)[(q-k)?-nm?][(q - p)? - n?]
APGy + ARG =K+ AMG - ), }

JHVP = BﬂaVprTla gyt Aflwra -

A3
-G - k)2 - ?]L(q - p)2- 7] (A3)
THPY = BM“PBVY’]’Zaﬁy + .Aé“’p
_ egzébc dq o [ BrerBYY(q + p) (q + k) 5(a), mzAWPV(q +p), + AP (q+ K) g+ A7,
(2m)*4; “mlq+ K2 - Pl +p2-m?] T (% - mP)(q+ k)2 - mElL(q + p)? — 7]
(A4)

where A#*?Y represents the trace of foyrmatrices and3““"#¢¥ represents the trace of sixmatrices. Employing the methods
of residue calculus, the sum owemay be formally rewritten as a contour integration over the infinite set of con@ufsee

Fig. 13
0_—; — T 0 1 1 0
T e’ =i@n+ DT+ p] = o~ e, deff(q?) 2B tand A~ w) |. (A5)

The contoursC; may be deformed to those &, (see Fig. 13 These are a set of two linear contours meetingiat Hne
from @P=—icwo+pu+e—ql=io+u+e, and another fromic+u—e——ieo+u—e. Here, and henceforth in all discussions of
contours, residues, and analytic continuationsyill represent a vanishingly small quantity. One may now proceed by the
standard method df9] and separate a vacuum part, thermal part, and a pure density contribution. Instead, another set of
contours is introduced: these run along thaxis from q°=—ic+e— q=i%+e and fromic—e— —ixo—e. Admittedly, ase
—0 this contour will produce a vanishing contribution. The integrand in(Egj) has six powers of in the denominator and
only three in the numerator. Hence, it vanishes faster than a linear tegh-as. As a result, this quantity obeys Jordan’s
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Lemma and the two integration contours around O anehay be connected by line segments ab+These line segments,
shown as curved lines in the third contour of Fig. 13, will have zero contribution to the entire integral. The total contour thus
obtained is referred to &;. We now split the integrand into two, one piece for all the contours on the positive afdRis
denoted a3 and one piece for the sole contour on the negative side of thés denoted a€?b, i.e.,

T 0l k(l 0_ )
57 $ . i@ tank (e -

1 —io—¢ 0 1 1 jote —iootpu—€ jootute 0 1
— dCf ———+—.f +f +f )df (———)
27T |x_€Cb qO (q )< 2 eﬁ(# qO) + 1) 2’7T|< —joote jootp—e —iootpte Ca qo (q ) 2 eﬁq )

(A6)

The terms may now be separated into a vacuum piece and a matter piece. Note the similarity between this and the zero
density separation. In this procedure, we differ from the standard mé#haa not extracting an explicit finite density piece.
The main reason for the extra contour deformation is to obtain the final answer in a form where the zero density contribution
is obvious. In this spirit, we now reverse the direction of integratioﬁ:@nand note that the vacuum piece has no poles at
i(2n+1)7T+ . Thus the contours in the vacuum term may be allowed to overlap by settiGg\We obtain

T 1 1
gﬁﬁ c,dd’f(d) 8 tan)-( 5B~ u))

1 joo 0 0 1 ) 0 joote —icotu—e iotpute 0 -1
=— dg’f — d f dg'f(q°)—5—. (A7
2 j_ix afa)+ 27 qf( )eﬁ( ) 41 ( fl f ) SRIC )eB(qo—,u) +1 (A7)

—jo—e —joote ot+u—e —iotute

We now lete— 0 on the contours on the positive side of thaxis. This procedure will deform the two linear contourg:ate

back to the small circles around the poin{&n+1)#T; this part will become similar to the initial conto@;. The rest of the
contour can be closed by including the infinite arc in e+ direction in the clockwise sense. This multiply connected
contour is indicated a€5-C, and displayed on the right of the fourth plot in Fig. 13. The linear contour on the negative side
may be closed off as always by the infinite arc extending®e—«. This is indicated a€4 and shown as the left contour in

the fourth plot of Fig. 13. The contour integration over either contour may be replaced by the sum over all the residues at all
the poles enclosed by the contour. Note that the poléat-1) 7T+ u, excluded by the multiply connected contour, are not

to be included in the sum over residues. Thus our final, formal result is

1 1 1 ("
%Sﬁ c,dd’f(d)58 tanf(gﬂ(q" - M)) = f_ dePf(a")- E 6(- w)Res[f(q")]

1 1
8 eﬁ(‘q°+u>+1 qO:w|+$0(_ wi)ReS[f(qO)] eﬁ(qo_"‘)+1 =0, -
We may substitute the full integrand in Egh1) to obtain the result of contour integration as
eg25b°< B a*(q-k)A(q-p)”
71“’”-—
2mi ) .. qof (277)3[ 2p \(a?-m)[(q-k)?=nm]l(-p)* -]
4 428 @= Pk + g¥(q—k+p)"+ g"(q + k= p)“)+2 l Ow)  O-w) }
(@*=mA)[(q - k)* - m?][(q - p)* - n7] efam 41 ghd w4 g
egfsbe ( B a*(q- k(g p)”
Res.
“T2p "\ (- ml(q -2~ Pll(q - p2- ]
o a8 (@D k)P+gﬂP<q K+ )"+ g"(q+k~ p)*‘) | A9
@-mAlq-k2-ml@-prP-mf ). A

A similar contour analysis as above may be performed for(B8), with the added extra step of settig§— —q°, G—
—g. This procedure will produce a final contour of integration which is a mirror imagé,ofrhere will, once again, be an
infinite semicircle extending to o« connected with the line running fromice+e—io+e. There will also be an infinite
semicircle extending toee connected to the vertical line running on the negative side of tisds. This contour will, however,
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be multiply connected with the poles ai(2n+1)#7T-u excluded from the region bounded by the infinite semicircle. As
before, these poles shall be excluded from the sum over residues. Following this procedure, one obtains the result of the
contour integration for EqLA2) as

1 (= d%q e925b°< BLra(q - k)P g -p)”
quf ( [ (q°-

(g
2mi J e 2m3| 2B m?)[(q-k)2-n?][(q - p)*-n¥]
4 428 (@=P=KP + (g —k+ D)+ g"(a-+ k- p)M)
(9= m?) +[(q - k)* - n?][(q - p)* - n¥]
S o) 6= aw) egzébcR . ( Brqe(a-KPA(q - p)”
D[P w1 | 2B \ (g2 - m)[(g - k)= n?][(q - p)? - 7]

4 428 (A= P=KP +g"(q=k+p)"+g"(g-+ k- p)“)
(@?-m)[(q - k)? = P]l(q - p)* - 7] 00 |

(A10)

q —

Note, that the vacuum term is at least naively linearly divergent and thus the shift in momentum integrations may not be
performed as above. However, from Furry’s theorem, one obtains that the sum of the vacuum terms fr@® ezl (A10)

must be identically zero. Also note that the presence of the thermal distribution functions over quark momenta renders these

integrals ultraviolet finite. Quark-momentum shifts are thus definitely allowed for the thermal parts qABysnd (A10).
Hence, we ignore the vacuum pieces and combine the matter pieces of both terms t@ltaift”? +7#*" as

o[ dqg 1 1 1 1
. _f (277)3; [e(w‘)(eﬁmo—m +1 Py 1) o “")( B 41 B 4 1)]

LeF ( Bia'@-Wfa-p” g"(q-p-k’+ga-k+p)"+g"(q+k- p)ﬂ)
2B \(@*=m)[(q-k)*~m?][(q - p)* - 7] (9> - mA)[(q - k)*-n?][(q - p)* - n¥] =
(Al11)

[1] E. Shuryak, Phys. ReB0, 71 (1980. [12] C. Itzykson and J. B. ZubeQuantum Field TheoryMcGraw
[2] K. Kajantie, J. Kapusta, L. McLerran, and A. Mekjian, Phys. Hill, New York, 1980.

Rev. D 34, 2746(1986. [13] S. WeinbergThe Quantum Theory of Field€ambridge Uni-
[3] P. Aurenche, F. Gelis, G. D. Moore, and H. Zaraket, J. High versity Press, Cambridge, England, 189%l. 1.

Energy Phys.0212 006 (2002. [14] An important caveat to this statement is the case where each of

[4] See, for example, S. A. Chin, Ann. Phy@\.Y.) 108 301
(1977; H. A. Weldon, Phys. Lett. B274, 133(1992; O. Te-
odorescu, A. K. Dutt-Mazumder, and C. Gale, Phys. Rev. C

the quarks has a different mass, in which case the effect of one
charge carrier may once again dominate over another making

61, 051901(2000). the signal nonzero.
[5] Andrzej Olszewsket al, J. Phys. G28, 1801(2002. [15] Particle Data Group, C. Caset al, Eur. Phys. J. C3, 19
[6] A. Majumder and C. Gale, Phys. Rev. 68, 114008(2001); (1998.

64, 119901E) (2001). [16] J. I. Kapusta and S. M. H. Wong, Phys. Rev. @2, 045008
[7] W. H. Furry, Phys. Rev51, 125(1937). (200D.

[8] A. Majumder and C. Gale, Proceedings of the Montreal-[17] A. Majumder and C. Gale, Phys. Rev. &, 055203(2002.
Rochester-Syracuse-Toronto Conference on High Energy18] R. D. Pisarski, Nucl. PhysB309, 476(1988.
Physics(MRST 2003, London, Ontario, Canada, 200lheo-  [19] M. Le Bellac, Thermal Field TheoryCambridge University

retical High Energy PhysicsAIP Conf. Proc. No. 60XAIP, Press, Cambridge, England, 1996
Melville, NY, 2001), p. 168, hep-ph/0108169. [20] A. Majumder, A. Bourque, and C. Galenpublishegl

[9] J. I. Kapusta,Finite Temperature Field TheorgCambridge [21] C. Gale and J. |. Kapusta, Nucl. PhyB357, 65 (1991).
University Press, Cambridge, England, 1989 [22] X. N. Wang, Phys. Rep280, 287 (1997.

[10] S. M. H. Wong, Phys. Rev. B54, 025007(2001). [23] R. Rapp, Phys. Rev. &3, 054907(2001).

[11] C. N. Yang, Phys. Rev77, 242(1950. [24] K. Geiger and J. |. Kapusta, Phys. Rev.4J, 4905(1993.

064901-23



